Objective: The preferential use of intensity-modulated radiotherapy (IMRT) over conventional radiotherapy (CRT) in the treatment of head and neck cancer has raised concerns regarding dose to non-target tissue. The purpose of this study was to compare dose-volume characteristics with the brachial plexus between treatment plans generated by IMRT and CRT using several common treatment scenarios. Method: The brachial plexus was delineated on radiation treatment planning CT scans from 10 patients undergoing IMRT for locally advanced head and neck cancer using a Radiation Therapy Oncology Group-endorsed atlas. No brachial plexus constraint was used. For each patient, a conventional three-field shrinking-field plan was generated and the dose-volume histogram (DVH) for the brachial plexus was compared with that of the IMRT plan. Results: The mean irradiated volumes of the brachial plexus using the IMRT vs the CRT plan, respectively, were as follows: V50 (18¡5 ml) vs (11¡6 ml), p50.01; V60 (6¡4 ml) vs (3¡3 ml), p50.02; V66 (3¡1 ml) vs (1¡1 ml), p50.04, V70 (0¡1 ml) vs (0¡1 ml), p50.68. The maximum point dose to the brachial plexus was 68.9 Gy (range 62.3-78.7 Gy) and 66.1 Gy (range 60.2-75.6 Gy) for the IMRT and CRT plans, respectively (p50.01). Conclusion: Dose to the brachial plexus is significantly increased among patients undergoing IMRT compared with CRT for head and neck cancer. Preliminary studies on brachial plexus-sparing IMRT are in progress.
Although intensity-modulated radiotherapy (IMRT) is widely considered the current standard in the radiotherapeutic management of head and neck cancer, investigators are increasingly recognising that this technology is associated with significant beam path doses to non-target structures that previously received little dose using previous, less conformal techniques [1] . Indeed, since the clinical implementation of IMRT at our institution, we have observed a striking number of patients returning for follow-up with symptoms thought to be related to radiation-induced brachial plexopathy. The purpose of this study was to compare dose-volume characteristics to the brachial plexus between treatment plans generated by IMRT and conventional radiotherapy (CRT) using several common head and neck cancer treatment scenarios.
Methods and materials
Patients and simulation 10 patients with locally advanced (stage IV) biopsyproven head and neck cancer undergoing definitive radiation therapy formed the study population. Table 1 lists patient and disease characteristics. At simulation, the head, neck and shoulders were immobilised in a hyperextended position using a perforated, thermoplastic head mask with the neck supported on a Timo cushion (S-type, MED-TEC, South Plainsfield, NJ) mounted on a carbon fibre board (S-type, MED-TEC, Orange City, IA) that allowed patient positioning to be indexed. The isocentre was placed at the centre of the primary tumour. Axial slices with 3 mm spacing were obtained on a CT simulator (Picker PQ2000, Philips Medical Systems, Andover, MA) and transferred into the Pinnacle treatment planning system (TPS). Two treatment plans were generated for each patient: an IMRT plan with the low neck encompassed in the radiation field, and a CRT plan using initial opposed lateral beams matched to an anterior low neck field.
IMRT target volume delineation
The gross tumour volume (GTV) was defined as the extent of tumour demonstrated by imaging studies and physical examination including endoscopy. Grossly positive lymph nodes were defined as any lymph nodes greater than 1 cm or those with a necrotic centre. MRI registered with the CT image was used to assist in defining the parapharyngeal and superior extent of tumour for patients with nasopharyngeal carcinoma (Figures 1-4) . Positron emission tomography (PET) was not used. Three clinical target volumes (CTVs) were defined: CTV1, which included the GTV with a 5-10 mm margin to account for microscopic spread (in cases with disease in close proximity to the brain stem and optic apparatus, the expansion could be as small as 1 mm); CTV2, which included nodal areas at high risk for recurrence; and CTV3 for low-risk nodal regions. An additional margin of 3-5 mm was added to the CTVs to compensate for the variabilities of treatment set-up and internal organ motion to create a separate planning target volumes (PTVs) corresponding to PTV1, PTV2, and PTV3, respectively.
IMRT treatment planning and dose specification
IMRT was planned and delivered using a simultaneous integrated boost technique. For patients treated by IMRT, the treatment goal was to deliver a prescribed dose of 70 Gy to at least 95% of the PTV70 and 60-63 Gy to at least 95% of the PTV2 over 33-35 treatments with once-daily fractionation, 5 days per week. Other absolute planning parameters were no more than 20% of PTV1 receives .110% of the prescribed dose; no more than 1% of any PTV1 and any PTV2 receive ,93% of the prescribed dose; no more than 1% or 1 cc of the tissue outside the PTVs receives .110% of the dose prescribed to the PTV1. The IMRT plan used nine coplanar beams equally distributed with heterogeneity correction. Beam weightings were based on the optimisation output. Plans were optimised using an inverse planning module that 
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The British Journal of Radiology, January 2011used a conjugate gradient optimisation algorithm, which permitted real-time modification of the optimisation parameters, encouraging user interactivity to minimise the overall optimisation time. The goals were to generate a plan with the prescription isodose lines conformed to the defined PTVs while minimising the dose delivered to the specified avoidance structures. The dose prescription was based on a dose distribution corrected for heterogeneities. The plans were evaluated both quantitatively with dose-volume histogram (DVH) analysis and qualitatively by visually inspecting isodose curves on axial slices. Organs at risk (OARs) and dose constraints used in IMRT planning are outlined in Table 2 . Notably, no brachial plexus constraint was used.
CRT treatment planning
For patients treated by CRT, a shrinking field technique was employed with initial fields consisting of opposed lateral fields to treat the primary tumour bed and upper neck lymph nodes. In general, the anterior border included the posterior third of the nasal cavities and the anterior tonsillar pillars; the posterior border was placed behind the spinous process, the superior border was placed at the mid-sphenoid sinus or bottom of the pituitary fossa to encompass the nasopharynx and base of skull; the inferior border was placed just superior to the arytenoids or above the shoulders depending on whether the hypopharynx was part of the target volume. The lower neck nodes were treated with a matched low anterior neck field. An isocentric technique was used to eliminate divergence into treatment fields. The spinal cord was limited to 45-50 Gy. Electrons were used as appropriate to boost areas overlying or posterior to the spinal cord after field reductions. Wedges were used, as appropriate, to maintain dose homogeneity within 10% of the prescribed dose. Total prescribed dose to gross tumour was 70 Gy in 2 Gy fractions. Dose to microscopic disease ranged from 54 to 60 Gy.
Statistical analysis
The brachial plexus was subsequently contoured as a single structure on both radiation treatment plans for each patient using guidelines previously described by our group [2] . IMRT plans were evaluated for acceptability using quality assurance guidelines of dose distribution as set forth in Radiation Therapy Oncology Group (RTOG) protocols 0225 (nasopharynx) and 0522 (oropharynx). Dose-volume statistics to the contoured brachial plexus were compared using a paired Student's t-test. The differences were reported as statistically significant at the p,0.05 level (two-tailed).
Results

IMRT plan evaluation
No major protocol deviations were observed when the IMRT plans were judged using quality assurance guidelines of dose distribution as proposed by RTOG protocols 0225 and 0522. Three separate incidences (two with RTOG 0522 and one with RTOG 0522) of minor deviations involving PTV70 coverage were identified. For two patients with oropharynx cancer, minor protocol 
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deviations resulted because 1.8% and 1.4%, respectively, of the PTV70 received a dose exceeding 77 Gy (110% of the prescription dose). For an additional patient with nasopharyngeal carcinoma, a minor protocol deviation resulted from failure of the 93% isodose surface to entirely encompass the PTV70. Other than for these noted deviations, the generated IMRT plans were deemed acceptable with respect to PTV coverage, DVH analysis and homogeneity.
Brachial plexus evaluation
The mean brachial plexus volume was 32¡5 ml (range 25.1-34.7 ml). The absolute volume of brachial plexus receiving greater than 50 Gy, 60 Gy and 66 Gy was significantly greater for the IMRT plan than the CRT plan (p,0.05, for all). The mean irradiated volumes of the brachial plexus using the IMRT vs the CRT plan, respectively, were as follows: V50 (18¡5 ml) vs (11¡6 ml), p50.01; V60 (6¡4 ml) vs (3¡3 ml), p50.02; V66 (3¡1 ml) vs (1¡1 ml), p50.04; V70 (0¡1 ml) vs (0¡1 ml), p50.68. These values represented the following percentages to the whole brachial plexus: V50 (56% vs 34%); V60 (19% vs 9%); V66 (9% vs 3%); V70 (0% vs 0%).
The maximum point dose to the delineated brachial plexus was 68.9 Gy (range 62.3-78.7 Gy) for the IMRT plan compared with 66.1 Gy (range 60.2-75.6 Gy) for the CRT plan (p50.01). The corresponding maximum dose to 1% of the brachial plexus volume was 67.2 Gy (range 61.5-74.0 Gy) and 64.3 Gy (range 57.0-71.5 Gy), respectively (p50.02). The mean dose to the brachial plexus was 60.5 Gy (range 52.5-67.2 Gy) and 58.5 Gy (range 50.9-66.7 Gy) for the IMRT and CRT plans, respectively (p50.49). Figures 1-4 serve as an example of how the brachial plexus may receive a higher dose using IMRT compared with conventional radiation fields.
Discussion
The results of the present study illustrate how the generation of more conformal dose distributions and steep gradients between target and non-target tissues using IMRT may come at the expense of a higher dose to non-delineated extra-target organs. In this particular case, our study is the first to demonstrate an increased dose to the brachial plexus with the use of IMRT over CRT in the treatment of head and neck cancer.
Although the benefits of IMRT with respect to salivary gland sparing and the creation of eloquent dose distributions around critical structures, such as the central nervous system and optic structures, have been widely heralded, the data reporting on the potential costs of this technology with respect to the phenomenon of ''dose dumping'' are relatively limited [3] [4] [5] . However, data are starting to emerge that suggests rates of mucositis and dysphagia may be higher with IMRT than with traditional CRT, particularly if the oral cavity and swallowing structures are not delineated as avoidance structures during IMRT planning [6] . Given concerns of high doses to the brachial plexus, we previously published a basic atlas to delineate this organ as an avoidance structure for the purpose of IMRT planning [2] .
The literature reporting on dose tolerance for the brachial plexus is scarce, and, consequently, the sensitivity of this structure to irradiation is poorly understood. Nevertheless, radiation-induced brachial plexopathy has been described as a potentially debilitating and irreversible condition characterised by upper extremity paraesthesias, weakness and motor dysfunction [7] [8] [9] . Although most reports exist in anecdotal form, clinicians generally agree that total dose and fraction size are important. Emami et al [10] suggested TD5/5 (dose resulting in 5% probability of complications at 5 years) values of 62, 61 and 60 Gy; and TD50/5 (dose resulting in 50% probability of complications at 5 years) of 77, 76 and 75 Gy for one-third, twothirds and whole organ, respectively. More recent protocols from the RTOG recommend a limit of 60-66 Gy. Clearly, additional studies analysing these tolerances are needed.
Notably, ongoing debate exists regarding the optimal IMRT technique for head and neck cancer [11] . Some investigators have proposed a split-field technique matched to a superior IMRT field as a means of minimising dose to critical structures within the low neck (e.g. larynx, oesophagus) [12, 13] . We believe that the use of this technique probably would not have changed our study findings since the brachial plexus emerges anatomically from C5-6, which would lie superiorly to the match line. At our institution, we currently favour an extended field IMRT technique, particularly among patients with low neck lymphadenopathy, given concerns regarding dosimetric uncertainties at the junction line [14] . Regardless 
Conclusions
The results of the present study illustrate how the generation of more conformal dose distributions and steep gradients between target and non-target tissues using IMRT may come at the expense of a higher dose to nondelineated extra-target organs. In particular, this study clearly demonstrates that dose to the brachial plexus is significantly increased among patients undergoing IMRT compared with CRT for head and neck cancer. These findings should serve as a warning to users and suggest that the incidence of radiation-induced brachial plexopathy may increase with the use of this technology. Although the exact clinical repercussions remain uncertain, these findings have prompted us to routinely contour the brachial plexus and use it as a constraint among all patients treated with IMRT. Preliminary studies analyzing the feasibility of brachial plexus sparing IMRT are encouraging and will be reported separately.
